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Cu2MgSnSe4 based compounds composed of high earth abundant elements have been identified to
exhibit good thermoelectric performance in the mid-temperature range. The pristine phase shows a
band gap of 1.7 eV, which is slightly higher than similar ternary and quaternary copper based stannite compounds. Cu2MgSnSe4 crystallizes in the tetragonal I42m space group. Substitution of In at
Sn site tends to decrease the tetragonal distortion toward the cubic symmetry. The electrical and
thermal transport properties of Cu and In–doped Cu2MgSnSe4 in the temperature range of
300 K–700 K are studied. The substitution of In3þ for Sn4þ and Cu2þ for Mg2þ induces charge carriers as holes, which in turn lead to improvement in thermoelectric efficiency. The role of mass
fluctuations and structural disorder in the evolution of the thermal conductivity of the doped selenides is discussed. A maximum ZT of 0.42 is attained for Cu2MgSn0.925In0.075Se4 around 700 K,
C 2015 AIP Publishing LLC.
and this value is comparable to that of Cu2ZnSnSe4. V
[http://dx.doi.org/10.1063/1.4933277]
I. INTRODUCTION

The search for thermoelectric materials with high figure of merit (ZT) at high temperature in view of applications as devices for converting heat into electricity has been
extended these last years from oxides1–3 to chalcogenides.4–7 In this respect, copper based selenide and sulfide
materials such as Cu2ZnSnSe4, Cu2CdSnSe4, Cu2ZnGeSe4,
Cu3SbSe4, CuGaTe2, and tetrahedrites have received great
interest due to their promising thermoelectric properties.8–13 Considering the figure of merit ZT ¼ S2rT/j, where
S, r, j, and T stand for Seebeck coefficient (thermopower),
electrical conductivity, thermal conductivity, and temperature, respectively,14–18 the high r value of CuAlS2 and its
high band gap (3.49 eV) motivated researchers to explore
the potentiality of chalcopyrite like compounds for thermoelectric applications.19–21 Such an example is given by
Cu2CdSnSe4 Stannite, which was found to be a wide band
gap thermoelectric. The low thermal conductivity of this
material was attributed to structural disorder and to the
presence of heavy cadmium constituent.9
Cu2CdSnSe4 crystallizes in the chalcopyrite type structure, which can be described by the stacking of tetrahedral
[Cu2Se4/2] and [SnCdSe4/2] slabs alternately. The former
layers, [Cu2Se4/2], are electrically conducting, whereas the
second ones, [SnCdSe4], are electrically insulating.
Introduction of charge carriers in electrically conducting
units by appropriate doping should lead to the enhancement
of electrical conductivity. Moreover, wide band gap materials can be expected to show high thermoelectric power
because of the high effective mass of charge carriers and
also chalcopyrites like chalcogenides Cu2SnS3 and
a)
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Cu2SnSe3 are known for their low thermal conductivity (j)
values.22,23 In general, there exists a Cu-Se conductive network in both ternary and quaternary copper containing diamond like structured compounds. The electronic density of
states of the valence bands mainly present in the Cu-Se
bonding network, i.e., Cu-Se bonds, plays a vital role in controlling the hole conduction as a p-type material, whereas
tin orbitals do not contribute much to the carrier transport
because of less accumulation of density of states. Thus, diamond like structured compounds behave similar to Phonon
Glass Electron Crystal (PGEC) materials, because the mainly
charge carrying network is differently bonded when compared to Sn and causes the reduction in thermal conductivity.
Due to these advantages, Cu2Sn0.9In0.1Se3 has a maximum
ZT of 1.14 at 850 K.24 Cu2MSnQ4 chalcogenides (M ¼ Zn,
Cd and Q ¼ S, Se, Te) and their doped compositions
also show interesting thermoelectric performance mainly
because of their low thermal conductivity j at elevated
temperatures.8,9,25 Cu2.1ZnSnSe4, Cu2ZnSn0.9In0.1Se4, and
Cu2.1Cd0.9SnSe4 showed good ZT values of 0.91 at 860 K,
0.95 at 850 K, and 0.65 at 700 K, respectively.
From this large family, Cu2ZnSnS4 and Cu2ZnSnSe4
have attracted significant attention, mainly because of their
reasonably promising thermoelectric properties and also due
to the presence of non-toxic and earth abundant elements.
Compared to the state of the art thermoelectric materials like
tellurides, the abundance of the elements in the compositions
like Cu2ZnSnS4 and Cu2ZnSnSe4 is larger, especially for sulphide based compounds. The worldwide natural reserves of
copper, zinc, tin, and selenium are 630, 250, 5.2, and 0.12
million tons, respectively, whereas for tellurium it is 0.022
million tons.26 The aforementioned requirements motivated
the researchers to look for a new quaternary chalcogenide,
which should be earth abundant and non-toxic, this is why
magnesium has drawn attention. Due to its size comparable
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to that of zinc, magnesium is a potential candidate for substitution in Cu2ZnSnSe4. Attempts have been made to prepare
Cu2MgSnSe4 and to study its thermoelectric properties for
high temperature applications. In the present work, the
synthesis, phase stability, and thermoelectric properties
of Cu2MgSnSe4 are reported. The effect of doping
Cu2MgSnSe4 by copper at the Mg sites and by trivalent indium at the Sn sites upon the thermoelectric properties of
this phase has also been studied.
II. EXPERIMENTAL DETAILS
A. Synthesis

Powders of Cu2MgSnSe4 were synthesized by solid state
reaction of stoichiometric amounts of Mg metal (99.8%,
Alfa Aesar), Cu (99.9%, Loba Chemie), Sn (99.9%, Alfa
Aesar), and Se (99.999%, Alfa Aesar) powders in carbon
coated evacuated fused silica quartz ampoules. The
ampoules were then slowly heated up to 1073 K with heating
rate of 2 K min1, held for 48 h, and furnace cooled to room
temperature (RT). The harvested powders were ground,
sealed, and calcined for 96 h at 1073 K. The final powders
were densified in a spark plasma sintering furnace in vacuum
at 823 K during 5 min in a graphite die (12 mm) under a pressure of 50 MPa. The resulted compacts have bulk densities
higher than 97% of the theoretical ones.
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III. RESULTS AND DISCUSSION
A. Structural characterization

and
All
the
compounds
Cu2þxMg1xSnSe4
Cu2MgSn1xInxSe4 (0  x  0.1) are black in color and
stable in air at room temperature. The PXRD pattern of
Cu2MgSnSe4 (Fig. 1(a)) indicates that the parent phase crystallizes in the tetragonal system, with a  5.7 Å and
c  11.4 Å, characteristic of the I2-II-IV-VI4 semiconductors.
Thus, different cationic distributions corresponding to the
kesterite,27–29 the stannite,27 and the chalcopyrite structures
were tested to characterize the structure of Cu2MgSnSe4:
(a)
(b)
(c)
(d)
(e)
(f)

 with Cu in 2a and 2c; Mg
Ordered kesterite (S.G.: I4),
in 2d; Sn in 2b; Se in 8g.
Disordered kesterite (S.G.: I42m), with Cu/Mg in 4d;
Cu in 2a; Sn in 2b; Se in 8i.
Ordered stannite (S.G.: I42m), with Cu in 4d; Mg in
2a; Sn in 2b; Se in 8i.
Disordered stannite (S.G.: I42m), with Cu in 4d; Mg/
Sn in 2a; Mg/Sn in 2b; Se in 8i.
Chalcopyrite (S.G.: I42d), with Cu in 4a; Mg/Sn in 4b;
Se in 8d.
Disordered chalcopyrite (S.G.: I42d), with Cu/Mg in
4a; Cu/Mg/Sn in 4b; Se in 8d.

The models (a), (b), and (c) could be easily discarded
due to high v2 and too high thermal factors on the Sn site:

B. Physical characterization

Room temperature powder X-ray diffraction (PXRD)
data were collected on a X’Pert Pro Panalytical diffractometer using Cu Ka radiation (k ¼ 1.5418 Å) under a continuous
scanning method in 2h range of 10 –100 and step size of
0.01313 for all the synthesized bulk samples to check the
phase purity and identity. Differential scanning calorimetry
(DSC) studies were performed using a Netzsch DSC 204.
Optical absorption spectra of samples were carried out at
room temperature using a UV-visible spectrophotometer
with a 150 mm integrating sphere attachment (V-560,
JASCO). Scanning Electron Microscopy (SEM) performed
with Zeiss Supra 55 microscope did not allow any significant
change of the microstructure to be detected whatever the nature and concentration of the doping element. Thus, the grain
boundary effect is quite comparable for all the samples.
Seebeck coefficient and electrical resistivity were measured simultaneously under helium atmosphere using steady
state technique and four probe method, respectively (ZEM-3,
ULVAC-RIKO, Japan), over the temperature range of 300 K
to 700 K on a 10  3  2 mm samples. The thermal diffusivity (D) of a square sample (6  6  1 mm) was measured
from room temperature to 700 K in an inert atmosphere using
Netzsch LFA457 apparatus. Heat capacity (Cp) was calculated using Dulong-Petit approximation. Thermal conductivity (j) was calculated from the product of the sample density
(d), thermal diffusivity (D), and heat capacity (Cp). Room
temperature Hall measurement is done by using Lakeshore
Hall effect system (model No 7604) under a reversible magnetic field of 5 kG.

FIG. 1. (a) Observed and calculated X-ray diffraction pattern of
42m), MgO,
Cu2MgSnSe4. The reflection positions for Cu2MgSnSe4 (S.G.: I
and Se are given from top to bottom. (b) Observed and calculated X-ray
diffraction pattern of Cu2MgSn0.9In0.1Se4. The reflection positions for
42m), MgO, and SnO2 are given from top to
Cu2MgSn0.9In0.1Se4 (S.G.: I
bottom.

155101-3

Pavan Kumar et al.

J. Appl. Phys. 118, 155101 (2015)

TABLE I. Atomic coordinates, occupancy factors, and interatomic distances
of Cu2MgSnSe4.

Atom
Cu1þ
Mg2þ/Sn4þ
Mg2þ/Sn4þ
Se2-

Wyckoff
4d
2a
2b
8i

X

y

z

1=4
0
1/2
0
0
0
1=2
0
0
0.256(1) 0.256 0.373(2)

B

sof

M-Se
(Å)

0.02
1
2.46(1)
2.26 0.71/0.29(1) 2.44(1)
1.14 0.29/0.71(1) 2.52(1)
1.44
1

10 < v2 < 14 and 12 Å2 < BSn < 17Å2. It means that the electronic density at the Sn site is too large for these three models. The model (d) gave a quite acceptable agreement factor,
v2  3.6, even if the thermal factors on the mixed sites are
a little bit high, up to 2.2 A2, and if a slightly negative B
value is observed on the 4d site (Table I). Attempts to refine
the atomic parameters and cationic distribution in the very
closely related group of the chalcopyrite structure (models
(e) and (f)) led to less good results than the (d) model: BCu
 1 Å2; v2  4.8 for model (e) and BCu  0.8 Å2; v2  4.1
for model (f).
Rietveld refinements indicate the presence of minor
amount of MgO (<7 6 0.5%) and traces of selenium
(<1 6 0.5%) for both pristine Cu2MgSnSe4 and all copper
doped samples (up to x ¼ 0.1) and MgO (<6 6 0.5%) and
SnO2 (<5 6 0.5%) in indium doped compositions (x  0.1).
The copper doped compositions Cu2þxMg1xSnSe4 crystallize in the tetragonal I42m system, with cell parameters,
a ¼ 5.711 Å, c ¼ 11.399 Å, close to those observed for
Cu2ZnSnSe430 in agreement with the similar sizes of Mg2þ
and Zn2þ. Note that the presence of those secondary phases
may contribute to a decrease of the electrical conductivity of
the polycrystalline samples, due to their insulating character,
so that the thermoelectric properties that will be presented
herein can be considered as not perfectly optimized.
Thus, the structure of Cu2MgSnSe4 (Figure 2) can be
described according to model (d) as a partially disordered
stannite Cu2FeSnS4-type structure, involving mixed Mg/Sn

sites, 2a and 2b, 71% and 29% occupied by magnesium,
respectively. In other words, the crystal structure of this
phase consists of an ordered arrangement of flattened CuSe4
tetrahedra and undistorted mixed MSe4 and M0 Se4 tetrahedra
(M ¼ Mg0.79Sn0.21, M0 ¼ Mg0.29Sn0.71). From these structural
results, it can be seen that the selenide Cu2MgSnSe4 exhibits
a remarkable feature, of capital importance for the understanding of its thermoelectric properties: it is built up of
[Cu2Se4/2] tetrahedral layers that are electrically conducting
and [SnMgSe4/2] layers are electrically insulating (Figure 2).
It must be pointed out that a mixed occupancy of the Sn site
(2b) in the stannite structure was previously observed in
Cu2þxFe1xSnS4y.31 The low B value for the Cu site (4d)
indicates that model (d) does not provide enough electronic
density on this site. Therefore, the 4d site may be a mixed
Cu/Sn site with a very low Sn content. The present PXRD
data do not allow to refine simultaneously the site occupancy
factor and the isotropic thermal factor parameter for the
same 4d site.
The doping of the Mg site by copper does not involve
any significant variation of the cell parameters and of the
structure up to x ¼ 0.1. In contrast, the doping of the Sn
site with indium induces a significant decrease of the tetragonal distortion of the structure, tending toward a pseudocubic symmetry. The XRD pattern of the compound
Cu2MgSn0.9In0.1Se4 (Fig. 1(b)) can in fact be indexed in a
tetragonal cell, space group I42m (Cu2FeSnO4 structure
type) or I42d (Chalcopyrite structure type), with the cell parameters a ¼ 5.705 Å, c ¼ 11.399 Å, whose c/2a ratio is
very close to 1, i.e., 0.999. Due to this pseudo-cubic symmetry, an accurate distribution of the metallic elements in
the different sites cannot be obtained from the PXRD patterns. Such a structural transformation is also noticed for
gallium doping (data are not shown here). The decrease of
tetragonal distortion is observed with increase in indium
concentration, even for x ¼ 0.05. A similar kind of structural transition from monoclinic to cubic was also observed
for indium and gallium doped Cu2SnSe3.24
B. Optical band gap

Figure 3 shows a plot of normalized (1  R)2/2R versus
photon energy for Cu2MgSnSe4 at room temperature, where
R is reflectance. The optical band gap Eg of Cu2MgSnSe4 is
found to be 1.7 eV, which indicates the wide band gap nature. The band gap value is slightly higher than the similar
stannite based wide band gap materials.
C. Thermoelectric properties of Cu21xMg12xSnSe4

FIG. 2. Three dimensional unit cell of Cu2MgSnSe4. Green tetrahedra represent CuSe4.

The temperature dependence of the electrical conductivity in the series Cu2þxMg1xSnSe4 (0  x  1.0) is shown in
Figure 4(a). The pristine phase Cu2MgSnSe4 exhibits values
of 26 Scm1 at RT, as expected for a wide band gap semiconductor. The electrical conductivity of the pristine phase is
lower than Cu2ZnSnSe4, which has electrical conductivity of
45 Scm1 at RT due to low band gap of 1.41 eV.8 A change
in slope behavior is noticed with varying temperature, at
around 500 K only for x ¼ 0. Note that this transition temperature coincides with the endothermic peak observed in DSC
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FIG. 3. Electronic absorption spectra for Cu2MgSnSe4.

data at nearly 500 K (see Figure S1 in supplementary material).32 Surprisingly, no such metal insulator transition
behavior is observed for the doped compositions(x > 0),
though they exhibit the same endothermic peak in DSC. The
electrical conductivity increases monotonously with copper
concentration, reaching a maximum value of 485 Scm1 for
Cu2.1Mg0.9SnSe4 at RT, which is about 18 times larger
than for the pristine phase. This clearly emphasizes the substantial increase in carrier concentration. Moreover, as
shown from the positive temperature coefficient of the S(T)
curves, the Cu-doped samples exhibit a metallic conductivity. This suggests that the isovalent substitution of Cu2þ for
Mg2þin the mixed [MgSnSe4/2] layers allows the formation
of hole carriers according to the equation Cu2þ ¼ Cuþ þ hþ.
In other words, the mixed layers [Mg1xCuxSnSe4/2] play
the role of hole reservoir for the [Cu2Se4/2] layers, in agreement with the hybridization of Cu 3d with Se 4p orbitals
near the VBM (valence band maximum).
The temperature dependence of the thermoelectric power
for copper doped compositions is shown in Figure 4(b). All
the compositions show a positive value of Seebeck coefficient
indicating that holes are the majority charge carriers. The
Seebeck coefficient increases monotonically with temperature, which reveals that a maximum is not yet reached, consistent with the wide band gap semiconducting nature. The
thermoelectric power decreases substantially with the
increase in copper content, which is attributed to the increase
in carrier (holes) concentration (increase in electrical conductivity). The metal to insulator transition at 500 K is also
clearly observed in the case of thermopower data for the pristine phase. The pristine compound has a Seebeck coefficient
of 273 lV K1 at RT and a maximum value of 321 lV K1
observed at nearly 500 K, consistent with its wide band gap
semiconducting nature. The Seebeck coefficient value of
Cu2MgSnSe4 is comparable to Cu2CdSnSe4 (230 lV K1)
and Cu2ZnGeSe4 (300 lV K1) and very higher than
Cu2ZnSnSe4 (130 lV K1) at RT.8–10 The Seebeck coefficient decreases with increasing the copper content down to
70 lV K1 at RT for Cu2.075Mg0.925SnSe4. The temperature
dependence of the power factor is shown in Figure 4(c). The
power factor value increases linearly with temperature for all

FIG. 4. Temperature dependence of (a) electrical conductivity, (b) Seebeck
coefficient, and (c) power factor for Cu2þxMg1xSnSe4 (0  x  0.1) phases
over the temperature range of 300–700 K.

copper doped compositions. Cu2MgSnSe4 shows a power factor of 1.98  104 Wm1 K2 at RT and a maximum value of
3.7  104 Wm1 K2 at 710 K. The power factor increases
with copper concentration and attains a maximum of
5.65  104 Wm1 K2 at 670 K for Cu2.1Mg0.9SnSe4.
The temperature dependence of the thermal conductivity measured up to 700 K for all the copper doped compositions is shown in Figure 5 (filled symbols). The total
thermal conductivity for all the compositions is relatively
low at RT ranging from 2.16 Wm1 K1 for Cu2MgSnSe4
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FIG. 5. Temperature dependence of total thermal conductivity (filled symbols) and lattice thermal conductivity (empty symbols) for Cu2þxMg1xSnSe4
(0  x  0.1).

to 2.41 Wm1 K1 for Cu2.1Mg0.9SnSe4, which is explained
by the natural distorted diamond like structure (stannite
structure).8–10 The thermal conductivity of Cu2MgSnSe4
is much lower than that of Cu2ZnSnSe4 (3.2 Wm1 K1),
Cu2ZnGeSe4
(3.25 Wm1 K1),
and
Cu2SnSe3
1 1
(2.75 Wm K ) at room temperature.8,10,24 Such reduction in thermal conductivity may be originating from the
disorder induced by the mixed occupancy of Mg/Sn atoms.
The total thermal conductivity for all the compositions
decreases monotonically with increasing temperature and
reaches about 1.0 Wm1 K1 at 700 K. In order to understand the effect of crystal structure on the total thermal conductivity j, the lattice thermal conductivity jL was
calculated and plotted in Figure 5 (open symbols). The lattice thermal conductivity is dominant over the entire measured temperature range for all the compositions and
decreasing with the 1/T temperature dependence in accordance with the Umklapp process. jL is suppressed with
increasing copper content suggesting that atomic mass fluctuations enable to increase phonon scattering. Since the
atomic mass difference between Cu and Mg is more pronounced than in Cu2ZnSnSe4, the mixed occupancy of Mg/
Sn site may explain the origin of low thermal conductivity
as compared to other stannite compounds.
D. Thermoelectric properties of Cu2MgSn12xInxSe4

The temperature dependence of the electrical conductivity
and thermoelectric power for the compositions Cu2MgSn1x
InxSe4 (0  x  1.0) is shown in Figures 6(a) and 6(b), respectively. Systematic increase in the concentration of indium leads
to an increase in the electrical conductivity, reaching a maximum of 717 Scm1 for Cu2MgSn0.9In0.1Se4 at RT, which is
about 28 times larger than for the pristine phase. This result
suggests that indium is successfully substituted for Sn in this
system. Since indium has the electron configuration 5s2p1, it
acts as a hole dopant when substituted for tin, which has
the electron configuration 5s2p2. All the In-doped compositions
are p-type metallic in nature, similar to copper doped compositions. A maximum value of 236 lV K1 is observed for
Cu2MgSn0.95In0.05Se4 at 700 K. The Seebeck coefficient

FIG. 6. Temperature dependence of (a) electrical conductivity, (b) Seebeck
coefficient, and (c) power factor for Cu2MgSn1xInxSe4 (0  x  0.1) phases
over the temperature range of 300–700 K.

decreases with increasing the indium content down to
61 lV K1 at RT for Cu2MgSn0.9In0.1Se4.
Carrier concentrations were measured at RT to understand the effect of doping on electrical properties by using
Hall effect. Assuming parabolic bands and single-band conduction, the carrier concentrations were calculated from Hall
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TABLE II. Room temperature carrier concentration (n), electrical conductivity (r), hole mobility (l), Seebeck coefficient (S), and effective mass (m*) of the
pristine phase Cu2MgSnSe4 and Cu2MgSn1xInxSe4 (0.05  x  0.1).
Composition

N (cm3)

r (S cm1)

l (cm2 V1 s1)

S (lV K1)

m*/me

Cu2MgSnSe4
Cu2MgSn0.95In0.05Se4
Cu2MgSn0.925In0.075Se4
Cu2MgSn0.9In0.1Se4

3.2  1018
7.4  1019
1.4  1020
2.5  1020

26.5
228.8
486.1
717.8

51.7
19.3
21.6
17.9

273.2
88.8
68.7
61.3

…
0.88
0.96
1.1

coefficient using p ¼ 1/RHe, where e is the fundamental
charge. Evaluated carrier concentrations and carrier mobilities at RT of the parent phase and indium doped compositions along with their corresponding Seebeck coefficient
and electrical conductivity are given in Table II. The
pristine phase Cu2MgSnSe4 has a carrier concentration of
3.2  1018 cm3 at room temperature. This value is lower
than Cu2ZnSnSe4 (1.1  1019 cm3) and similar to
Cu2ZnGeSe4 (1.0  1018 cm3).8,10 The carrier concentration
increases with the increase of indium concentration up to
2.5  1020 cm3 for Cu2MgSn0.9In0.1Se4 at RT, indicating
that indium was successfully introduced into the
Cu2MgSnSe4 lattice. The increase in electrical conductivity
with the increase of indium concentration is clearly understood from the increase of carrier concentration. The parent
phase has hole mobility of 51.7 cm2 V1 s1, and the mobility of indium doped compositions is ranging between 17.9
and 21.6 cm2 V1 s1. By employing single parabolic band
(SPB) model with the approximation of acoustic phonon
scattering (r ¼ 1/2), carrier effective mass values at RT are
evaluated according to the following Eqs. (1) to (4) using the
measured S and carrier concentration (n)
m ¼


2=3
h2
n
;
2kB T 4pF1=2 ðgÞ

!
kB ðr þ 5=2ÞFrþ3=2 ðgÞ
g ;
S¼6
e ðr þ 3=2ÞFrþ1=2 ðgÞ
ð1
vn
Fn ðgÞ ¼
dv;
vg
0 1þe
g¼

Ef
;
kB T

(1)

(2)

(3)

shows the carrier concentration dependence of Seebeck
coefficient (Pisarenko plot) at RT. The effective mass of
0.96 me for the composition Cu2MgSn0.925In0.75Se4, which
is obtained from the experimental Seebeck coefficient and
Hall carrier concentration by using Eq. (4), was used to calculate the Pisarenko relation at RT. The experimental data
that nearly fall on the generated curve indicate that the single parabolic model with acoustic phonon scattering
assumption well explains the electronic transport properties. The increase of effective mass with increasing the indium concentration may originate from the split of bands
near the valence band maximum; it could be due to spinorbit coupling. In fact, a very similar behavior is noticed by
Wei et al.33 in the case of Sn doped Cu3SbSe4, a similar
structured compound. Detailed band structure calculations
are needed to draw conclusions.
The temperature dependence of the power factor for
indium doped compositions is shown in Figure 6(c). The
power factor increases with indium concentration and
attains a maximum of 6.6  104 Wm1 K2 at 700 K for
Cu2MgSn0.9In0.1Se4.
The temperature dependence of the thermal conductivity
measured up to 700 K for all the indium doped compositions
is shown in Figure 8 (filled symbols). The total thermal conductivity for all the compositions is also relatively low at RT
(2.28 Wm1 K1 for Cu2MgSn0.9In0.1Se4) due to the layered
ordering of this distorted diamond like structure. The total
thermal conductivity for all the compositions decreases
monotonically with the increase in temperature and reaches
around 1.0 Wm1 K1 at 700 K, indicating that the phonon
contribution is dominating the total j. The observed lattice

(4)

where g is the reduced Fermi energy, Fn(g) is the nth order
of Fermi integral, kB is the Boltzmann constant, e is the
electron charge, Ef is the Fermi energy, h is the Planck constant, and r is the scattering factor. The reduced Fermi
energy is obtained from the fitting of S vs T data. The calculated m* values of indium doped compositions have been
presented in Table II. The single carrier assumption may
break down for the parent phase due to its intrinsic semiconducting behavior, and also, due to metal–insulator transition, the evaluation of effective mass will be difficult.
We have calculated effective mass of carriers for indium
doped compositions. The effective mass increases with the
increase of indium concentration with a maximum of 1.1 me
for Cu2MgSn0.9In0.1Se4, which is comparable to similar
stannite type system Cu2þxZn1xGeSe4 (1.2 me).10 Figure 7

FIG. 7. Change in Seebeck coefficient with Hall carrier density measured at
room temperature. The solid line was generated using single parabolic band
approximation and an effective mass of 0.96 me.
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FIG. 8. Temperature dependence of total thermal conductivity (filled symbols)
and lattice thermal conductivity (empty symbols) for Cu2MgSn1xInxSe4
(0  x  0.1).

thermal conductivity jL is shown in Figure 8 (open symbols), which is suppressed more strongly with the increase in
indium concentration. Bearing in mind that the atomic mass
difference between Sn and In is negligible, this suggests that
the increase in phonon scattering may originate from a more

J. Appl. Phys. 118, 155101 (2015)

disordered distribution of Mg and Sn in the [MgSnSe4/2]
layers, induced by indium substitution. The decrease of the
tetragonal distortion leading to a pseudocubic symmetry by
In doping supports strongly this viewpoint. The fact that the
thermal conductivity is similar for both In fractions (0.075
and 0.10) suggests that the increase of Mg/Sn disorder originates from a structural transition (for instance from I42m to
I42d symmetry) but is not affected by the In content.
Based on the observed electrical conductivity, thermoelectric power, and thermal conductivity properties, the temperature dependence of figure of merit ZT for Cu2þxMg1xSnSe4,
Cu2MgSn1xInxSe4 (0  x  1.0) was calculated. As shown
in Figures 9(a) and 9(b), respectively, ZT increases rapidly
with temperature, mainly due to the increase of the power
factor and due to the decrease of thermal conductivity. It
reaches a maximum of 0.37 and 0.42 for Cu2.1Mg0.9SnSe4
and Cu2MgSn0.925In0.075Se4 at 700 K, respectively. The maximum values of 0.37 for Cu2ZnSn0.9In0.1Se4, 0.36 for
Cu2.1Zn0.9SnS4, 0.45 for Cu2.1Zn0.9SnSe4, and 0.65 for
Cu2.1Cd0.9SnSe4 were attained at 700 K. The maximum ZT
value of these materials is comparable with the compositions
in the present study.
IV. CONCLUSIONS

This study shows the potential of the Cu2MgSnSeS4
stannite as a matrix for the realization of thermoelectric
materials with good performances, reaching a ZT figure of
merit of 0.42 at 700 K. Beside the low cost and non-toxicity
of magnesium, this selenide has the advantage to exhibit a
great flexibility for the optimization of its thermoelectric
properties, by the possibility of doping at the various sites of
the structure. Such properties are due to the layered character
of its tridimensional structure, which allows to tune separately the hole concentration in the conducting [Cu2Se4/2]
layers and to optimize the thermal conductivity by introducing cationic disorder in the [MgSnSe4/2] layers. The high
sensitivity of the structural distortion to the nature and concentration of the doping element is a quite important characteristic, which should be considered for tuning this disorder.
However, the ionic mobility, which is often observed in
some chalcopyrite-based materials and precludes their use in
thermoelectric converters, must be carefully investigated in
the present phase. These results open the route to the investigation of other members of the stannite family containing
magnesium, as promising candidates for thermoelectricity.
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